The combination of two stabilizing strategies to increase stability of nucleic acid assembly is not always resulted in synergistic effect. In the present study, to explore the rational way to select the combination for synergistically stabilizing strategies, we examined the kinetic effects of different triplex-stabilizing strategies, poly(Llysine)-graft-dextran (PLL-g-Dex) copolymer and N3'+P5' phosphoramidate (PN) backbone modification of triplex-forming oligonucleotide (TFO). The former increased the association rate constant, whereas the latter decreased the dissociation rate constant in triplex equilibrium. Each strategy increased the binding constant of the triplex formation by nearly two orders of magnitude. The combination of both stabilizing strategies, which was the triplex formation with PN TFO in the presence of the copolymer, increased the binding constant by nearly four orders of magnitude, implying successful synergy of their activities. The kinetically orchestrated effects in which the copolymer and the PN modification contribute to distinct ingredients in triplex equilibrium achieved the observed synergistic stabilization. We conclude that kinetic analyses of stabilizing effects enable us to select a rational combination of stabilizing strategies.
INTRODUCTION
In recent years, nucleic acid assemblies have attracted considerable interest because of its wide variety of potential applications in not only life science but also nanotechnology fields. Stability of nucleic acid assembly is a key factor for their efficient applications. Various kinds of stabilizing strategies and Combination of different strategies have been attempted to increase stability. However, the combination of two stabilizing strategies is not always resulted in synergistic effect. Thus, the rational way to select the favorable combination of synergistically stabilizing strategies should be established. We have previously shown that about 10' times increase in the binding constant of the triplex formation (1) was achieved by each of poly(L-lysine)-grafC-dextran (PLL-gDex) copolymer ( Fig. 1) (2-4) and N3'-P5' phosphoramidate (PN) backbone modification of triplex-forming oligonucleotide (TFO) (Fig. 2) (5-7) . In the present study, we have tested whether the stability of the triplex with PN TFO can be further increased by the addition of the PLL-g-Dex copolymer. We have found that the combination of the copolymer and the PN modification of TFO increased the binding constant of the triplex formation by nearly lo" times, implying successful synergistic stabilization. We have also found that the kinetically orchestrated effects in which the copolymer increases the association rate constant and the PN modification of TFO decreases the dissociation rate constant achieved the observed synergistic stabilization. 
MATERIALS AND METHODS
We synthesized a 15-mer TFO, PyrlST: S'-CTC'ITC'ITIT CTITC-3', and complementary 23-mer DNA oligonucleotides, Pur23A: 5'-GCGCGAGAAGAAAAGAAAGCCGG-3'
and PyR3T: Sr-CCGGCTTTC7TITCTTCTCGCGC-3', on a DNA synthesizer and purified them with a reverse-phase HPLC. A modified TFO with the same sequence as PyrlST but with PN backbone modification, PyrlSNP, were synthesized as described previously (5). The PLL-g-Dex copolymer was prepared by a reductive amination reaction between poly(L-lysine) and Dextran T-10, as described previously (2) . Kinetic analyses were performed on an IAsys instrument (Affinity Sensors Cambridge, U. K.), where a real time biomolecular interaction was measured with a laser biosensor (4, 7, 8, 9) . Table 1 summarizes the kinetic parameters of the triplex formation between a 15-mer TFO (PyrlST or PyrlSNP) and a 23-bp target duplex (Pur23A*Pyr23T) at 25 "C and pH 6.8 with or without PLL-g-Dex copolymer, obtained from IAsys. Either the copolymer or the PN modification increased Ka by nearly 70 times. However, their kinetic effects were obviously different from each other. The copolymer increased k , by about 50 times, whereas it decreased k , , by only 1.5 times. Thus, acceleration of the triplex formation is the major effect of the copolymer to increase Ka. In contrast to the copolymer, the PN modification decreased k,,, by about 35 times, while it moderately increased k, by no more than 2 times. Therefore, maintaining the triplex structure is the major effect of the PN modification to increase K,. Unexpectedly, the combination of the copolymer and the PN modification resulted in more than 4000 times increase in K,. The increase in K. results mainly from the increase in k, by the copolymer and the decrease in k,,, by the PN modification. Moreover, by comparing the kinetic parameters, we noticed that k,, and k,,, obtained for PyrlSNP with the copolymer closely coincided with the products of the values that were individually obtained for either PyrlST with the copolymer or PyrlSNP alone. The result clearly demonstrated that neither interference nor negative cooperation between their kinetic effects was involved in their synergistic stabilization mechanism.
RESULTS AND DISCUSSION
Consequently, the kinetically orchestrated effects in which the PLL-g-Dex copolymer and the PN modification of TFO contribute to distinct ingredients in triplex equilibrium achieve the observed synergistic stabilization of triplex. Recently, PN TFO has been demonstrated to be effective to modulate gene expression through triplex-mediated inhi bition of transcription elongation in vivo (10) . Further increase in k,,, as well as K , of PN TFO by the PLL-g-Dex copolymer could greatly enhance its therapeutic potential. We conclude that kinetic analyses of stabilizing effects enable us to select a rational combination of different stabilizing strategies for achieving high triplex stability at physiological pH, which is prerequisite for advancing triplex-mediated DNA targeting in vivo.
